Background: A recent weakening and even decoupling of the association of body mass index (BMI) and systolic blood pressure (SBP) in population data was reported, i. a. for Western Europe. Methods: The association of BMI and SBP in recent cross-sectional population data from Germany was investigated in participants aged 18-79 years with BMI 17.5-40 kg/m 2 from national health examination surveys 1998 (n = 6,931) and 2008-2011 (n = 6,861) in Germany. The association was analyzed both in the overall samples and in participants without antihypertensive medication. Results: From 1998 to 2008-11, age-and sex-standardized mean SBP decreased from 129.0 (CI 128.2-129.7) to 124.1 (123.5-124.6) mmHg in all participants and from 126.0 (125.4-126.7) to 122.3 (121.7-122.8) mmHg among persons not on antihypertensive medication. The proportion of persons treated with antihypertensives augmented from 19.2 % (17.7-20.8) to 25.3 % (24.0-26.6)
Background
High blood pressure (BP) represents the leading single risk factor for overall mortality and burden of disease globally [1, 2] . In 2001, 17.6 % of all premature deaths as well as 9.3 % of disability-adjusted-life-years (DALYs) were attributable to raised BP [3] and more than one third of the population in high-income countries had hypertension [2] .
A positive association of overweight and BP has been reported from numerous cross-sectional and prospective studies over many decades [4, 5] . The INTERSALT study, which included cross-sectional data from 32 countries, estimated that after multivariable adjustment a one-unit increase in body mass index (BMI) was associated with a 0.91 mmHg systolic blood pressure (SBP) increase in men and 0.72 mmHg in women [6] .
During the last decades, opposite population trends in the development of BP and BMI have been observed in many countries. While the prevalence of overweight and obesity was still rising or remained constant on a high level, i.e. in the U.S. [7] and most Western European countries [8] including Germany [9] , BP declined in these populations during the same period [10] [11] [12] . This suggests that the strength of the BMI-SBP-association may have decreased over time. Most recently, even a dissociation of BP from BMI at the population level was reported: the Global Burden of Metabolic Risk Factors of Chronic Diseases Collaborating Group, with country-level risk estimates from 199 countries, showed a positive cross-sectional association of SBP and BMI for western European men and women in 1980, but no association with 2008 data [13] . This study could not account for antihypertensive medication use which increased worldwide in these decades, thus truncating the BP distribution and diminishing the SBP-BMIcorrelation, particularly in the obese.
However, a significantly decreasing BMI-SBP-association was also reported for persons not on antihypertensive treatment from two cross-sectional surveys conducted in 1989 and 2004 at the Seychelles [14] . Similarly, data from seven population-based studies with 9-to 11-year old U.K. children found a weakening in the association, too [15] . Additional indirect evidence was given by an analysis of data from the National Health and Nutrition Examination Survey (NHANES) conducted among adults and children of the United States, where the prevalence of high BP decreased more in overweight and obese persons than in lean persons over time, although a survey x BMI group interaction was not significant indicating that the declines in high BP did not differ by BMI [16] .
The aim of the present study was to investigate changes in the cross-sectional BMI-SBP-association in the general population in Germany between 1998 and 2008-2011 taking into account the impact of an increased use of antihypertensive medication. Therefore, data from two population-based national health surveys, the German National Health Interview and Examination Survey 1998 (GNHIES98) and the German Health Interview and Examination Survey for Adults 2008-11 (DEGS1) were analysed, both the overall samples and the subsamples of participants not taking antihypertensive medication.
Methods

Study population
Two national health examination surveys were conducted in Germany in 1998 and 2008-2011. Both used a nationwide two-stage clustered sample design with selection of study points based on community type and federal state and subsequent sampling of persons aged 18-79 years stratified by sex and age group from the local population registers [17, 18] . The German Health Interview and Examination Survey for Adults (DEGS1) 2008-2011 comprised a total of n = 7,115 persons examined at one of 180 study points, of whom n = 4,192 were first-time participants (response: 42 %) and n = 2,923 (response: 62 %) were former participants of the German National Health Interview and Examination Survey 1998 (GNHIES98). The net sample of the GNHIES98 consisted of n = 7,124 persons (response: 61 %) from 120 study points. The study was approved by the ethical committee of Charité University Medicine, Berlin, and by the Federal Commissioner for Data Protection and Freedom of Information. Informed written consent and assent were obtained from all participants.
Measurement and survey methods
BP was measured according to a standardized protocol which was almost identical in both surveys, except that the standard mercury sphygmomanometer (Erkameter 3000, Bad Tölz, Germany) employed in the GNHIES98 was replaced by an automated oscillometric Datascope Accutorr Plus device (Datascope Accutorr Plus, Mahwah, NJ, USA) together with a new set of manufacturerprovided cuffs and adapted cuff-selection-rules. The participants sat quiet and upright on a height-adjustable chair with their back supported, the right forearm was resting on a table at heart level, elbow slightly bent, legs uncrossed and feet firmly on the floor. The correct cuff size was determined with the upper arm circumference (AC) measured half way between the acromion and the olecranon. Both surveys used three cuff sizes. The cuff bladder dimensions (width × length) in DEGS1 were: 10.5 × 23.9 cm for ACs of 21-27.9 cm, 13.5 × 30.7 cm for ACs of 28-35.9 cm and 17 × 38.6 cm for ACs of 36-46 cm. The corresponding sizes in GNHIES98 were: 8 × 20 cm for ACs < 20 cm, 12 × 28 cm for ACs of 20-40 cm and 14 × 40 cm for ACs > 40 cm. The correct position of the cuff above the brachial artery was ensured with a mark on the cuff. Three blood pressure measurements were taken at 3-min intervals, following an initial 5-min resting period (GNHIES98: 3 min) after a non-strenuous part of the examination.
The participants were asked to bring along their medication of the previous 7 days and antihypertensive medication use was defined according to the WHO Anatomic Therapeutic Chemical Classification System (ATC): antihypertensive drugs (C02), diuretics (C03), beta-blockers (C07), calcium channel blockers (C08) and ACE inhibitors (C09). Hypertension was defined as: SBP ≥140 mmHg or DBP ≥90 mmHg or treatment with ATC-coded antihypertensive medication. However, the antihypertensive medication was only used for defining hypertension if the participants reported having hypertension since the indication for taking these drugs may be other than hypertension.
Body height and weight measurements also followed standardized procedures with the participants dressed only in underwear without shoes. Body height was measured with a portable stadiometer (Holtain Ltd., UK, precision: 0.1 cm) and body weight with a calibrated electronic scale (SECA, column scale 930, precision: 0.1 kg). BMI was calculated as weight in kilogram (kg) divided by height in meter squared (m 2 ) and BMI was used to define non-overweight (BMI < 25 kg/m 2 ), overweight (BMI ≥ 25 to <30 kg/m 2 ) and obesity (BMI ≥ 30 kg/m 2 ).
Information on lifestyle and socio-demographic variables were obtained with a self-administered questionnaire. Social status was determined using an index with information on school education and vocational training, occupational status and net household income (weighted by household needs) permitting classification into low, middle and high status groups [19] . Alcohol consumption was calculated in gram/day (g/d) on basis of questions about consumption frequency and amount of beer, light beer, alcohol-free beer, wine and liquor. Alcohol in g/day was then divided into three classes according to German guidelines on tolerable upper intake levels: nondrinker (0 g/d), light drinker (men: >0 to 20 g/d, women: >0 to 10 g/d) and heavy drinker (men: >20 g/d, women: >10 g/d) [20] . Smoking status was assessed by smoking frequency (daily, occasionally, no longer, never) and amount of cigarettes smoked per day and was categorized into current daily smoker (≥1 cigarette per day) or non-smoker (including occasional smoker and ex-smoker). Sports activity was asked with "How often do you exercise?" and the response items were: "no sports activity", "<1 h/week", "1-2 h/ week", "2-4 h/ week" and ">4 h/week". This information was subsumed into three groups: no sports activity, sports activity <2 h/week and sports activity >2 h/week.
Analysis
Analyses were performed in 18-79 year old GNHIES98 and DEGS1 participants. Exclusion criteria were missing information on BP (GNHIES98: 0.2 %, DEGS1: 0.3 %), antihypertensive medication use (GNHIES98: 0.4 %, DEGS1: 0.3 %) or BMI (GNHIES98: 0.7 %, DEGS1: 0.7 %). In addition, BMI outliers <17.5 kg/m 2 or >40 kg/ m 2 (GNHIES98: n = 193, 2.7 %; DEGS1: n = 215, 3 %) were excluded since the aim of the study was to describe the BP-BMI association over a BMI range that is common in the general population, while at the lowest and highest extremes of BMI a ceiling effect on BP is likely. Analyses were first run for all participants (n = 6,931 for GNHIES98 and n = 6,861 for DEGS1), then for participants without antihypertensive medication as defined above (n = 5,663 for GNHIES98 and 4,755 for DEGS1).
The average of the second and third blood pressure measurements were used for analysis. The GNHIES98 BP data were calibrated for comparison with DEGS1 data based on a formula from a methodological study described previously [21] . In brief, the GNHIES98 and DEGS1 BP protocols were compared according to the principles of the International Protocol revision 2010 for the validation of blood pressure measuring devices in adults of the European Society of Hypertension in a measurement sequence with 105 participants yielding 315 measurement pairs. SBP and DBP values were higher with the mercury sphyghmomanometer in the GNHIES98 protocol as compared to the Datascope measurements with the DEGS1 protocol. Measurement differences increased with BP, pulse pressure, the difference in the ratio of cuff width to arm circumference, age and sex (higher mean difference in men compared to women).
The DEGS1 data were weighted to the population in Germany as of 31 Dec 2010 with respect to age, sex, region and nationality as well as type of municipality and education. The weighting factor for DEGS1 considered the re-participation probability of the former GNHIES98 participants based on a logistic regression model [17] . The GNHIES98 data were also weighted to the population structure as of 31 Dec 2010, but to the 1998 educational distribution because of the secular changes in education levels. All analyses were weighted, so that the differences observed are controlled for age and sex.
Mean SBP, DBP and the prevalence of hypertensive BP (≥140/90 mmHg) and hypertension (BP ≥140/90 mmHg or taking ATC-coded antihypertensive medication in case of known hypertension) were assessed in both sexes and in subgroups of age, BMI, antihypertensive medical treatment, alcohol consumption, physical activity, smoking status and socioeconomic status (SES) for both surveys. Differences between the surveys were tested with chi-squared tests for categorical variables and t-tests for continuous variables. Tests were considered significant if p ≤ 0.05. To visualize the association of BMI with SBP, scatterplots of BMI and SBP were produced by combining the following two plots in one graph: 1.) BMI was divided into 5 % BMI percentile ranges (<P5, P5-P10 etc. up to P95-P100) and the mean BMI and mean SBP were plotted for these percentile ranges; 2.) curves of predicted SBP values from unadjusted linear regression models of SBP on BMI, including BMI squared (BMI 2 ). Generalized linear regression analyses were conducted separately for GNHIES98 and DEGS1 and were stratified by sex (since a BMI x sex interaction was significant, p = 0.000) and treatment (all and untreated participants). BMI 2 was included to allow for a non-linear association of BMI and SBP. The significance of the BMI-SBPassociation was tested in a combined test for BMI and BMI 2 .
To investigate whether the BMI-SBP-association changed between 1998 and 2008-11, both surveys were combined and a BMI × survey and BMI 2 × survey interaction were included in the model. The significance of the interaction was tested in a combined test for BMI × survey and BMI 2 × survey. Moreover, all analyses were adjusted for selected covariates including age, antihypertensive medication, alcohol consumption, physical Hypertension prevalence was defined as BP ≥140/90 mmHg or antihypertensive medication use in case of physician-diagnosed known hypertension Alcohol intake in gram/day (g/d) was categorized on basis of the upper tolerable intake level (UL). The alcohol UL is set on 10 g/d for women and 20 g/d for men activity, smoking status and SES. The analyses were computed with the complex samples option in SPSS 20.0, using the LMATRIX option for the combined tests.
Results
Selected characteristics of all and untreated study participants 1998 and 2008-2011 are shown in Table 1 . Between 1998 and 2008-11, mean SBP decreased by 5 mmHg (from 129.0 mmHg to 124.1 mmHg, p = 0.000) in all participants, and in untreated participants by 4 mmHg (from 126.0 mmHg to 122.3 mmHg, p = 0.000) ( During the same period, mean BMI remained constant at a high level (around 27 kg/m 2 in men and 26 kg/m 2 in women). The prevalence of obesity slightly increased in men from 19.0 % to 22.4 % (p = 0.006) and remained at around 22 % (p = 0.912) in women. In both surveys, the obesity prevalence increased continuously with age in women, but it reached a plateau at the age of 60-69 years in men (data not shown). Obesity prevalence in the untreated group did not change over time (16. 1 % in 1998 and 15.2 % in 2008-11, p = 0.353) and was lower at both times than in the overall group (Table 1) .
The decrease in mean SBP over time was more pronounced in overweight (−4.9 mmHg) and obese persons (−6.9 mmHg) than in non-overweight participants (−3.7 mmHg). Untreated overweight (−3.5 mmHg) and obese (−4.3 mmHg) participants also showed a greater decrease in mean SBP than non-overweight ones (−3.1 mmHg). The prevalence of hypertensive BP (≥140/ 90 mmHg) decreased by more than one third among all BMI groups (Table 2) . Nevertheless, overweight and obese individuals still had a notably higher mean SBP and higher prevalence of hypertensive BP in 2008-11 than non-overweight individuals ( Table 2) .
The proportion of persons taking antihypertensive medication (irrespective of indication) augmented significantly from 19.2 % in 1998 to 25.3 % in 2008-11 (p = 0.000; Table 1 ). Thereby, the treatment proportion was higher in overweight and obese persons than in non-overweight individuals ( Table 2) , whereby 35.8 % of obese persons were treated in 1998 and almost half of all obese (48.5 %) received antihypertensives in 2008-11 (p = 0.000). However, the relative increase in treatment over time amounted to approximately 30 %, irrespective of BMI group. Figure 1 illustrates the association of BMI with SBP separately for all and untreated men and women in 1998 and 2008-11. Mean SBP was plotted against BMI for subgroups defined by narrow BMI percentile ranges. Following from these plots, BMI was positively associated with SBP in all and untreated participants at both times, yet the association tended to level out with increasing BMI suggesting a non-linear association of BMI and SBP. Table 3 shows the unadjusted linear regression models of SBP and BMI, which included BMI 2 . BMI 2 thereby was significant at the p < 0.05 level for all men and all women in 1998 as well as all and untreated women in 2008-11 (not significant for all and untreated men in 2008-11 as well as untreated men and women in 1998, data not shown). The regression curves from these models are also shown in Fig. 1 . The level of SBP for a given BMI was generally lower in 2008-11 than in 1998. The association between BMI and SBP was also compared across age groups (18-39 years, 40-59 years, 60-79 years) in an age-stratified analysis (Additional file 1) as well as by adding an interaction term of BMI × agegroup and BMI 2 × agegroup to all models described above. These interactions were not statistically significant (combined p > 0.05) in any model but one, i.e. "all men" in 2008-11. The association of BMI and SBP by age group in untreated men and women is graphically depicted in an additional figure (Additional file 2).
The strength of the BMI-SBP-association decreased over time in men (both all and untreated) as shown in a regression analysis with combined data from the two surveys which included an interaction term of BMI × survey (Table 3 ). This weakening was also observed after adjustment for age, antihypertensive medication, alcohol intake, sports activity, smoking status and SES. In women, the association became weaker only in the overall analysis including treated participants (both unadjusted and adjusted). No change of the BMI-SBP-association was observed in untreated women (unadjusted and adjusted) ( Tables 3 and 4 ).
In a further analysis, the association of BMI and SBP was assessed only in untreated participants with hypertension. In this group, however, BMI was no longer associated with SBP neither in 1998 nor in 2008-11 (Additional file 3).
Finally, Table 4 exemplifies the SBP increase with rising BMI separately for men and women, estimated from the unadjusted regression models. Accordingly, in 1998 a BMI increase from 20 kg/m 2 to 25 kg/m 2 was associated with an estimated SBP higher by 7.0 mmHg in men and 8.4 mmHg in women, whereas a BMI increase from 30 kg/m 2 to 35 kg/m 2 was linked to a 3.6 mmHg and 3.9 mmHg higher SBP in men and women, respectively. In 2008-11, SBP increased less with BMI, especially in men, where SBP was higher by 3.8 mmHg for a BMI augmenting from 20 kg/m 2 to 25 kg/m 2 and 1.7 mmHg for 30 kg/m 2 to 35 kg/m 2 . The corresponding estimates for women were 7.6 mmHg and 2.0 mmHg. A similar pattern was seen in untreated participants, although the estimated increase in SBP was less than among all participants (e.g. men in 1998, BMI increase 20 to 25 kg/m 2 : 6.2 mmHg, 2008-11: 3.7 mmHg; Table 4 )
Discussion
This study shows that in Germany both in 1998 and in 2008-11 SBP is still associated with BMI both in the overall general adult population and in the population not taking antihypertensive medication. Thus, we cannot confirm previous findings about a disappearance of the BMI-SBP-association at the population level in worldwide data [13] . We did however find a weakening of the association over time in the overall samples of men and women as well as in untreated men, while in untreated women the association did not change significantly.
The Global Burden of Metabolic Risk Factors of Chronic Diseases Project analyses had shown a decoupling of the BMI-SBP-association between 1980 and 2008 on a global scale as well as for high-income regions like Western Europe and North America based on countrylevel aggregated data from 199 nations. A one unit higher mean population BMI was associated with a 1.35 mmHg (CI 1.05 -1.80) higher mean SBP in women and 1.19 mmHg (CI 1.01 -1.54) in men in 1980, but this positive association seemed to have disappeared in 2008 [13] . However, the analyses did not account for other influential factors like antihypertensive medication use and were constrained to a linear analysis of population means.
The findings of our study are in line with analyses of two cross-sectional surveys from the Seychelles comparing the BMI-SBP association in 1989 and 2004. In these studies a significant decline in the strength of the adjusted association of BMI and BP was observed and was not explained by the increased proportion of persons treated with antihypertensives. Among untreated participants, a one-unit BMI increase was thereby associated with a 1.98 mmHg higher SBP in 1989 but only 1.27 mmHg in 2004 after multivariable adjustment. Furthermore, a significant weakening but not decoupling of the BMI-SBPassociation was also found for 9-to 11-year-old U.K. children when comparing 1980 and 2008 data [15] . In contrast, other recent studies did not support a decreasing association of BMI and SBP in adults in France [22] , Taiwan [23] , Switzerland [24] as well as in both children and adults in the Seychelles [24, 25] . In this study, we found no association of BMI and SBP within the group of untreated participants with hypertension at both times. This finding is consistent with a study which investigated the relationship of adiposity to BP in African-American adults from Milwaukee as well as non-Hispanic black and white adults from the 1999 to 2004 National Nutrition and Health Examination Survey (NHANES) waves. Here, BMI was significantly associated with BP in normotensives but not in untreated hypertensives among both Milwaukee and NHANES participants. Even more, BMI was significantly associated with SBP only in the lowest quartile of BP (SBP ≤ 115, DBP ≤ 89) if normotensive and untreated hypertensive persons were assessed together, which means, conversely, that already in the upper ranges of the normotensive BP distribution, BMI was no longer associated with SBP [26] .
Since overweight and obese persons are more likely treated with antihypertensives than normalweight persons in our study, other influential factors (e.g. genetic and environmental factors) than weight may have contributed to BP elevation in this group of untreated hypertensives.
In Germany, trends of SBP and BMI over time differed. While mean SBP and the prevalence of high BP ≥140/90 mmHg decreased substantially in Germany between 1998 and 2008-11 both in the overall sample and in untreated persons, mean BMI remained constant on a high level and the prevalence of obesity even slightly increased in men. These developments were accompanied by an improved management of hypertension and a considerable increase in antihypertensive medication use. Worldwide, the Global Burden of Metabolic Risk Factors of Chronic Diseases project estimated a decrease in mean SBP of −0.8 mmHg per decade in men and −1.0 mmHg in women for the period from 1980 to 2008. In highincome regions, like Western Europe and North America, the estimated decrease was even higher and amounted to −2.1 mmHg and −3.5 mmHg in Western European men and women, respectively, and −2.8 mmHg in men and −2.3 mmHg in women from North America [13] . In the same analysis, estimated mean BMI increased Among children, a decrease in SBP but increase in BMI and in the prevalence of overweight and obesity were observed in some studies [25, 27, 28] , whereas both SBP and BMI increased in other paediatric populations [15, [29] [30] [31] . Diverging trends in the development of SBP and BMI were observed in many populations [10, 14, 32, 33] , although an increase of both SBP and BMI was also observed, in particular for some developing countries [30, 31] .
In summary, in congruence with other high-income nations, mean SBP decreased in Germany during the last decade, whereas mean BMI remained constant and obesity prevalence in men increased. Concomitantly, the association of BMI and SBP became weaker. In part, the weakening of the BMI-SBP-association may be attributable to improvements in diagnosis and treatment of high BP.
Firstly, overweight and obese persons were more often treated with antihypertensives in 2008-11 than in 1998. More than one fourth of all overweight and half of all obese were treated in 2008-11 and thus, the distribution of SBP was truncated in a significant proportion of the overweight population. In addition, since the treatment prevalence was significantly higher in 2008-11 than in 1998, this could have contributed to a decreased association. Secondly, the hypertension threshold had been lowered to 140/90 mmHg only shortly before the 1998 survey [34] . It is likely that the new guidelines were better implemented in 2008-11 than in 1998, i.e. more patients were treated at lower BP levels in 2008-11, leaving a healthier group untreated in 2008-11 and thus contributing to a decreased BMI-SBP-association also among untreated persons.
It was argued by some authors that the correlation of SBP and BMI observed in previous decades may have been overestimated due to inappropriate BP cuffs in the obese (undercuffing leading to overestimation of BP) [24, 35, 36] . The cuffs differed between GNHIES98 and DEGS1, although both are in line with current BP measurement guidelines [37] . As reported previously [21] , this was investigated in a separate study with sequential measurements with the GNHIES98 and DEGS1 devices and cuffs. A calibration formula was derived which accounted not only for SBP increase was estimated based on unadjusted generalized linear regression models device differences but also for the different ratios of cuff width and arm circumference [21] . It is therefore not likely that changes in the SBP-BMI-association between the two surveys are due to cuff differences in the obese. The strengths of this analysis include the nationwide population-based samples from two national health surveys with largely identical sampling and measurement methods, the standardisation of BP, weight and height measurements and the availability of high-quality medication data. It is a limitation of our analysis that we could not adjust for the intake of salt, fruit and vegetables which are related to both BMI and BP. These parameters were either not measured or lacked comparability between the two surveys. We included other possibly influential lifestyle factors like sports activity, alcohol consumption and smoking. However, their prevalence did not change considerably between 1998 and 2008-11 and adjustment for these factors did not change the BMI-SBPassociation very much compared to adjustment for age only (data not shown).
